Using a generalized non-spherical, multi-transonic accretion flow model, we analytically calculate the normalized QPO frequency ν qpo of galactic black hole candidates in terms of dynamical flow variables and self-consistently study the dependence of ν qpo on such variables. Our calculation shows that ν qpo is quite sensitive to various parameters describing the black hole accretion flow containing dissipative and non-dissipative shock waves. Thus the QPO phenomena is, indeed, regulated by 'shocked' black hole accretion. This information may provide the explanation of some important observations in connection to the galactic micro quasars. Calculations presented in this work, as we believe, are more general compared to any other existing work because it is performed for all available post-Newtonian pseudo-Schwarzschild black hole potentials.
Introduction
It has been established in recent years that a number of galactic black hole (BH) candidates show quasi-periodic oscillation (QPO) behaviours. Such oscillations are observed to span a wide range of frequency starting from a few tens of milliHertz to a few hundred Hz (see Cui 1999 for a review). While the strong intermediate (1 -10 Hz) QPOs exhibited by several micro quasars (Remillard et al. 1998 , Muno, Morgan & Remillard 1999 ) are believed to be associated with the hard X-ray emission from shock induced oscillatory Compton clouds (Cui et al. 1997; Kazanas, Hua & Titarchuk 1997 ) generated in the post shock region of the BH accretion discs (Titarchuk, Lapidus & Muslimov 1998 and references therein), the characteristic features of the high frequency QPOs suggest that such oscillations are a diagnostic of the accretion processes in the inner regions of the accretion discs around the central compact objects, like the Keplerian motion at the last stable orbit (Morgan, Remillard & Greiner 1997) , epicyclic oscillation modes (Nowak et al. 1997) , gravitomagnetic precession of accretion disks surrounding spinning black holes (Cui, Zhang & Chen 1998) , inertial-acoustic instability in the disk (Chen & Tamm 1995) or shock oscillations in sub-Keplerian advective accretion discs (Molteni, Sponholz & Chakrabarti 1996 , Chakrabarti & Titarchuk 1995 and references therein, Chakrabarti & Manickam 2000 , CM hereafter, and references therein) on which we will concentrate in this work. The galactic microquasars show several properties which indicates that QPOs may be generated because of the oscillation of a hot and dense region situated at the inner regions of the black hole accretion discs (Paul et al. 1998 , Muno, Morgan & Remillard 1999 , Yadav et al. 1999 , Smith, Heindl & Swank 2002 , Titarchuk, Lapidus & Muslimov 1998 , and references therein, CM and references there in). CM argued that the intermediate and high frequency QPO of the black hole candidate harboured by GRS 1915+105 is expected to occur due to oscillations of shocks in sub-Keplerian advective accretion discs located at a distance ranging from a few to hundreds of Schwarzschild radius away from the event horizon and calculated the associated QPO frequencies to explain some of the QPO behaviours of GRS 1915+105.
However, calculations of QPO frequency in CM (and in other related works by different authors) was based on the knowledge of shocked accretion flow in only one type of post-Newtonian black hole potential, i.e. the Paczyński-Witta (1980) potential Φ 1 . Along with Φ 1 , other kind of modified Newtonian potentials of various forms are also available in the literature which approximate some general relativistic effects important to study accretion processes around non-rotating / slowly rotating black holes and weakly magnetized low spin neutron stars. Collectively such potentials may be termed as post-Newtonian pseudoSchwarzschild black hole potentials. The role of these pseudo potentials in studying Bondi (1952) type spherical accretion has been discussed in Sarkar 2001 and Das 2002 . For non-spherical multi-transonic BH accretion, it was realized that the study of disc dynamics looses it's completeness if one attempts to analyze the accretion flow using only one kind of BH potential, rather a generalized treatment of shock formation in BH accretion disc, along with investigation of various shock related phenomena, should incorporate all such available potentials. Das (2002, D02 hereafter) and Das, Pendharkar & Mitra (2003, DPM hereafter) have provided a unified approach for shock solutions in multi-transonic black hole accretion disc for non-dissipative shocks in polytropic flow (D02) as well as in dissipative shocks in isothermal flows (DPM). Both the above mentioned works present a self-consistent computation of shock location and all relevant shock related quantities in terms of fundamental flow parameters has also been exclusively computed.
Based on the generalized shocked accretion model of D02 and DPM, in this letter we calculate the normalized QPO frequency ν qpo in a more general way. We would like to show, by studying the variation of ν qpo on various fundamental accretion and shock parameters, that the values of ν qpo are, indeed, 'dictated' by shocked BH accretion flows. Throughout this work, accretion parameters are denoted by P ace and the shock parameters are denoted by P sh . 1 Calculations of ν qpo in this letter will be quite general in the sense that we will compute it for accretion in all BH potentials and for two kind of shocks . Also our calculation will be more quantitative because we study the exact dependence of ν qpo on almost all possible flow variables which was beyond the scope of the qualitative calculations presented in CM and others.
Governing equations and results
Following are the four pseudo-potential on which we concentrate in this work (see D02 for details about these potentials):
where r is the radial co-ordinate scaled in units of Schwarzschild radius r g (=2GM BH /c 2 ). A simplified geometric unit is used throughout this paper where the radial distances and the radial velocities are scaled in units of r g and c respectively and all other derived quantities are scaled accordingly. For simplicity, we also use G = c = 1. In eq. (1), Φ 1 and Φ 2 had been proposed by Paczyński & Witta (1980) and Nowak & Wagoner (1991) respectively, Φ 3 and Φ 4 are suggested by Artemova et al (1996) . Hereafter, we will denote any ith potential as Φ i where {i → 1, 2, 3, 4} corresponds to {Φ 1 , Φ 2 , Φ 3 , Φ 4 } respectively.
Polytropic accretion ; Rankine-Hugoniot shock
Complete information about the multi-transonic features of rotating, advective polytropic BH accretion may be obtained by simultaneously solving the following equations (D02):
The shock location r sh , along with other shock parameters like shock strength S i (=M − /M + , M being the Mach number of the flow), shock compression ratio R comp (=Σ + /Σ − , Σ being the vertically integrated local matter density of accretion disc) and entropy enhancement rate at shock β (=Ṁ + /Ṁ − ,Ṁ being the entropy accretion rate) may be obtained by simultaneously solving the following equations:
where Θ = 1 − Γ (1−γ) (γ being the polytropic index of the flow), Γ = βR comp , and E (ki+th) = E − λ 2 2r 2 + Φ i . '+ ′ and '− ′ refers to the post and pre-shock quantities respectively.
Let Π be any physical quantity which changes discontinuously at the shock, we then define the ratio of the post to pre-shock value of Π to be
Following the fact that the time period of QPO is comparable to the infall time in the post shock region (Molteni et. al. 1996) , we simultaneously solve eq. (1-4) to obtain the 'normalized' QPO frequency ν qpo as:
where W and θ are the vertically integrated fluid pressure and the flow temperature respectively. E K th is the ratio of flow kinetic energy to the total thermal energy content of the flow. By the term 'normalized' we mean that ν qpo is actually scaled in the units of the highest possible QPO frequency computed for flows in any potential. All relevant Π and ℜ Π could be interpreted as P sh . It is to be noted that for a particular set of P acc , i.e. for a particular set of {E, λ, γ} for which shock forms for any fixed Φ i , all ℜ Π s could be computed in terms of P ace by simultaneously solving eq. (1 -4) for all available Φ i s, hence we claim that the expression for ν qpo in eq. (5) is more general compared to the QPO frequency obtained by CM.
In figure 1., we plot ν qpo as a function of various fundamental P ace . While the ν qpo is plotted along Z axis (denoted by ν in the figure), specific energy E and specific angular momentum λ are plotted along X and Y axis respectively for Φ 1 (A), Φ 2 (B), Φ 3 (C) and Φ 4 (D). Each surface represents the plot for a fixed γ. The left most surface is drawn for γ = and succssessive surfaces to the right are drawn for (γ + n∆γ) where ∆γ = 0.1 and n is an integer. For Φ 1 as well as for Φ 4 , we obtain the figure for n=1, 2; while for Φ 3 we use n=1 and for Φ 2 we use n=0. It is observed from the figure that ν qpo anti-corelates with λ and γ. This indicates the ultra-relativistic flow 2 produces stronger QPO compared to the purelynon relativistic flows when other initial parameters are unchanged. Also one can understand that weakly rotating flows are better candidate in producing high frequency oscillation; this is due to the fact that the shock location, as we will see in Fig. 2 , anti-correlates with ν qpo but correlates with λ. Lower will be the value of angular momentum, the closer will be the post shock region to the event horizon and more amount of the gravitational energy will be available to dump on to the oscillation energy in the post shock region. It is important to have a close look at the dependence of ν qpo on E. For most of the cases, ν qpo corelates with E while ν qpo anticorrelates with E for relatively fewer cases. Such a ν qpo − E (anti) corelation are supported by observational evidences that most QPOs strengthen towards higher energies (van der Klis 1995; Cui et al. 1997a; Morgan et al. 1997; Remillard et al. 1998) , although some follow the opposite trend (Morgan et al. 1997 ; see also Remillard et al. 1998 and Rutledge et al. 1998 for other possible cases). If ν qpo max Φ i represents the maximum possible value of normalized QPO frequency for a particular astrophysical source for any specific Φ i (r), we find that:
2 By the term 'ultra-relativistic' and 'purely non-relativistic' we mean a flow with γ = respectively, according to the terminology used in Frank et. al. 1992. For ultra-relativistic shocked flow in certain range of E and λ, in Fig. 2 , we plot ν qpo . (plotted along the Y axis and denoted by f norm in the figure) as a function of various Psh for all four Φ i marked in the figure. To plot in the same figure, the post shock temperature T + (dotted line) and the post shock vertically integrated density Σ + (long dashed line) is scaled as T + → a i T + and Σ + → b i Σ + where a i and b i are scaling constants different for four different Φ i (r). Similar figures could also be drawn for any range of {E, λ} for which a shocked flow physically exists. It is evident from the figure that ν qpo . non-lenearly anti-correlates with the shock location whereas it non linearly correlates with the post shock temperature and post shock density. This result may have important consequences in connection to the jet formation mechanism from galactic relativistic sources. It has been shown that (Das 1998 , Das & Chakrabarti 1999 ) the hot and dense post shock region of black hole accretion disc may generate accretion-powered galactic and extragalactic outflows and the barionic load of such outflows increases with the increament of post shock flow temperature and density. Hence from Fig. 2 , it is reasonable to guess that there must be some relationship in between the normalized QPO frequencies and the amount of barionic content of outflows from galactic microquasars; details of such investigation is reported elsewhere (Das, Rao & Vadewale 2003) . In very high states of the QPOs in LMXB, radiation drag might play a crucial role in accretion close to the event horizon and the QPO might be caused by the radiatively driven oscillations in a quasi-spherical accretion flow (Fortner et al. 1989) . The ν qpo − T + co-relation presented in Fig. 2 is thus expected to support such QPO states. This is because, T + anti-correlates with r sh , i.e., the quasi-spherical post-shock region in our model posses more thermal energy as it forms closer to the event horizon.
Isothermal accretion; dissipative shocks
Detail study of formation of dissipative shocks in isothermal black hole accretion in various pseudo potentials may be performed by simultaneously solving the following set of equations
The amount of energy dissipation at shock may become as much as five to fifteen (at most) percent of the rest mass energy of the accreting material and may be computed as:
This huge amount of dissipated energy may be used to power the QPO and/or to produce and power the strong X-ray flares from the BH environment. We can calculate the normalized QPO frequency for this case as:
where Ψ(T) = κT µm H . In figure 3 . we plot the variation of ν qpo . (plotted along the Z axis and is marked as ν in the figure) with specific angular momentum λ (plotted along X axis) and flow temperature (plotted along Y in the unit of T 10 (=T/10 10 Degree K) and is marked as τ in the figure) for four pseudo potentials Φ 1 (A), Φ 2 (B), Φ 3 (C) and Φ 4 (D). No such scaling has been used for the plotting the shock location r sh (solid line). It is observed from the figure that ν qpo anti-correlates with λ and correlates with τ , also the following trend is obvious from the figure:
which is exactly same as that of polytropic flow, see eq. (6). This clearly indicates that due to some reason unknown to us, shocked accretion flow in Φ 3 generates the most intensely oscillating QPOs.
For shocked flow in certain range of λ and T , figure 4 represents the variation of ν qpo (plotted along the Y axis and is denoted by f norm in the figure) with various P sh , namely shock location r sh (solid line), shock compression ratio ℜ Σ (dotted line) and energy dissipation at shock ∆ǫ (long dashed line). Similar figures could also be drawn for any range of {λ, T } for which a shocked flow physically exists. In the figure, ℜ Σ and ∆ǫ are scaled as ℜ Σ → c i ℜ Σ and ∆ǫ → d i ∆ǫ where c i and d i are scaling constants different for four different Φ i (r). It is observed that ν qpo non-linearly anticorrelates with the shock location which indicates the generation of stronger oscillations closer to the event horizon as is observed in reality (Cui 1999) . Also ν qpo correlates with ℜ Σ and ∆ǫ which indicates that the stronger is the shock (as ℜ Σ = S i , S i being the shock strength, see eq. (7)), more intense is the oscillation and higher is the amount of dissipated energy at the shock locations. Co-relation in between ν qpo and ∆ǫ for isothermal flow may help in understanding the characterestic features of the duration of the quiescant state of the transient X ray source GRS 1915+105 (Das & Rao, in preparation) .
Conclusions
In this work we made an attempt to study the dependence of QPO frequencies ν qpo on various parameters describing the generalized multi-transonic BH accretion flow with dissipative and non-dissipative shock waves. In connection to the QPO production in the galactic sources, presence of a hot and dense post shock flow close to the inner region of the BH accretion disc is now observationaly evident (Paul et al. 1998 , Muno et al. 1999 , Rutledge et al. 1999 , Yadav et al. 1999 , Smith, Heindl & Swank 2002 . We found that ν qpo is quite sensitive on most of the parameters responsible to produce such post shock flow. This indicates that the QPO in galactic sources are inherently controlled by shock dominated accretion flows The fact that ν qpo is sensitive to various flow parameters found in this work, indicates that our calculation may be useful in future to understand various observational features of QPO in galactic BH candidates, a few of which has already been addressed in §2.1 and §2.2.
What makes the difference between our work presented in this letter and any other work in this direction is that the calculation presented here are more general to incorporate both kind of shocked flows in all post-Newtonian BH potential and is not an artifact of any particular kind of pseudo-Schwarzschild space time. Theory of accretion onto black holes is inherently a tough and intractable problem: first of all the nature of viscosity which is known to be turbulent even in mildly relativistic accretion flows is difficult to even formulate, let alone solve, in the relativistic accretion flows likely to be present in these system and the inner boundary condition is impossible to formulate and analytically handle in regions where general theory of relativity is known to predominate. The approach that we have taken in this work is the one in which general theory of relativity is handled in a set of pseudoSchwarzschild potentials and the solutions are sought in regimes close to the black hole where the flow undergoes a shock transition, leading to a hot and dense post shock region, oscillation of which may produce and controll the QPOs. We understand that such issues cannot be fully addressed with complete mathematical certainty, but the present paper takes important steps in that direction. Even if someone can provide a completely satisfactory model for shock formation in full general relativistic (Schwarzschild) BH accretion, still the utility of this work may not be completely irrelevant. Rigorous investigation of some of the shock related phenomena is extremely difficult (if not completely impossible) to study using full general relativistic framework. Hence one is expected to always rely on the type of pseudo general relativistic calculations present in this paper. 
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